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AntimicrobialNew-generation decorative ceramic coatings have frequently been requested to be diverse in color and scratch
resistant, and demonstrate antimicrobial functions. Because long-established silver-containing decorative hard
coatings have involved using noble silver metal, incorporating copper into the deposited hard coatings should
exhibit antimicrobial functions as well. Such coatings may fulﬁll the multiple surface functions of decoration,
wear resistance, and antimicrobial properties. This study used arc ion plating (AIP) to prepare TiN coating
while using magnetron sputtering (MS) to incorporate copper to obtain copper-containing titanium nitride
coatings (Cu-containing TiN) on Ni/Cr pre-electroplated Cu–35Zn substrates, a common material for sanitary
wares. Experimental results show that the coatings are well crystalline TiN up to a Cu content of 14.35 at.%,
over which the coatings present ﬁne granular structure and is undetectable by XRD. The surface hardness,
wear resistance, and corrosion resistance of the Cu-containing TiN coatings were higher than those of the
pre-electroplated Cu–35Zn substrate. Antimicrobial efﬁcacy of the Cu-containing TiN coatings against Escherichia
coli (E. coli) was satisﬁed, according to the JIS Z2801:2000 standard, when the copper content in the deposited
ﬁlms achieved 21.65 at.%.
© 2013 The Authors. Published by Elsevier B.V. Open access under CC BY-NC-ND license.1. Introduction
New Delhi metallo-beta-lactamase 1 (NDM-1) [1], known as the
“doomsday bacteria,” is a super bacteria that has claimed more than
33 lives worldwide, with outbreaks reported in at least 16 countries.
Additionally, enterohemorrhagic Escherichia coli (EHEC) can cause
severe foodborne diseases that are transmitted to humans primarily
through consumptionof contaminated foods, such as raworundercooked
ground meat products and raw milk [2]. Both NDM-1 and EHEC share
the same generic cell structure with pre-existing E. coli, and can
self-replicate as well as pass onto other bacteria lineages. All existing
antibiotics, employed for providing the effective therapies universally
and ultimate control of these types of bacteria, indeed showed
their limitations. Such treatment still relies on terminating infection
routes, involving cross-infection in particular, through variousmethods.
Antimicrobial coatings on food-handling wares and medical appliances
have long been considered when devising supplemental strategies to
avoid cross-infection [3,4]. In response to pre-existing E. coli traits,
these antimicrobial coatings are available and can be considered addi-
tional safety for people in high-risk situations. In this regard,+886 4 22392922.
.V. Open access under CC BY-NC-ND antimicrobial coatings, TiO2 in particular, are designed to be consistent-
ly effective through the use of a wide range of surface technologies, es-
pecially plasma-assisted physical vapor deposition [5,6].
From the material viewpoints, the family tree of antimicrobial
coatings is composed of the two most crucial branches, photocatalytic
materials and active metals, which have proven to be effective.
However, photocatalytic materials rely on a UV light source to acti-
vate the antimicrobial effect and exhibit a dull gray color that has
been deemed unappealing [5,6]. Active metals adopt the ionizing
ability of coatings, mostly silver, to activate the antimicrobial effect
by having direct contact with microorganisms [7,8], without requir-
ing an additional light source. Consequently, current commercial
decorative antimicrobial coating techniques employ ceramic coating
materials; for example, using titanium-based [8–10], zirconium-
based, and chromium-based [11] ceramic hard coatings (for surface
protection and decoration), and adding silver to the coatings in the
form of dispersive nano-Ag (for activating antimicrobial functions).
The nano-Ag particles release silver ions consistently during service
to activate antimicrobial effects via antimicrobial mechanisms
[8,13–15]. A previous study facilitated a threshold of 10.8 at.% for
the Ag content in a TiN coating to provide an antimicrobial effect
[8]. A method for preparing antimicrobial coatings on sanitary ware
has also been proposed for commercialization [12]. The potential con-
cern of using silver for antimicrobial function is the unacceptable raw
material cost, which has limited its wide usage. On the other hand,
copper, by contrast, is signiﬁcantly less expensive than silver and is
reported to be antimicrobial in form of ions [7,16] that can disruptlicense.
Table 1
Coating condition of the Cu-containing TiN ﬁlms.
Task Parameter Value
Ar glow discharge
bombardment
Ar working pressure (Pa) 1.33
Discharge voltage (−V) 400
bombardment time (min) 5
Ti ion bombardment Ar working pressure (Pa) 0.5
Arc cathode voltage (−V) 20
Arc cathode current (A) 60
Substrate bias voltage (−V) 300
bombardment time (min) 5
Deposition work N2 working pressure (Pa) 0.5
N2 ﬂow (sccm) to manipulate working
pressure
200
Substrate bias voltage (−V) 300
Deposition time (min) 5
Arc cathode condition Ti target purity (%) 99.70
Cathode voltage (V) 20
Cathode current (A) 60
MS cathode condition Cu target purity (%) 99.97
Cathode power (W) 0–2000
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bacteria activities and ultimately achieving a sterilization effect [16]. In
fact, copper has not only incorporated into stainless steel sheet [17] but
also deposited as thin ﬁlm [18,19]. Also copper addition into TiO2
coating was found to exhibit sterilizing effects even in the dark [16].
Accordingly, the extensively used TiN coating for protective decoration
purpose drives our attention to incorporate copper into TiN coating for
additional antimicrobial purposes.
Although copper alloys have excellent antibacterial properties [7],
electroplated nickel and/or chromium are usually required for im-
proving its corrosion resistance and pleasant looks, thereby losing
its antimicrobial effectiveness. The aim of this study is to reveal the
feasibility of incorporating copper into TiN coating for additional
antimicrobial function to the decorative coating. The effect of Cu con-
tent on the microstructure, protection performance, and antimicrobial
capability of the obtained coatings was investigated.
2. Experimental
This study used Cu–35Zn brass alloys with dimensions of 50 mm ×
50 mm × 1 mm as substrates. Prior to the co-deposition process,
the Cu–35Zn substrates were ﬁrst pre-electroplated according to the
ASTM B456-03 SC2 standard [20] (10 μm for nickel and 0.5 μm for
chromium), cleaned using acetone in an ultrasonic bath, and then
oven-dried. A schematic illustration of the AIP and MS co-deposition
system is shown in Fig. 1, where titanium served as the arc cathode
and copper served as the MS cathode. The substrate bias power supply
was operated in a pulsed-dc mode with a pulse frequency of 100 kHz
and a pulse width of 976 ns. The coating condition for the Cu-
containing TiN coatings is tabulated in Table 1. Prior to the deposition,
argon glow discharge bombardment and Ti ion bombardment were
conducted in sequence to remove surface contamination and enhance
ﬁlm adhesion, respectively. During the co-deposition process, the arc
and MS cathodes were ignited and operated at a ﬁxed nitrogen ﬂow.
The sputtering power for the MS cathode was varied for copper
sputtering control to reveal the antimicrobial effectiveness as a function
of copper dosage. The substrate temperature through the entire coating
run, was estimated by a thermocouple probe to be 300°C.
The fractured coating cross-section was observed using a cold ﬁeld
emission scanning electron microscope (FESEM), where a built-in
energy dispersive spectrometer (EDS) was used simultaneously to ana-
lyze the composition of the coatings. The crystal structure of the coatings
was characterized using a multipurpose thin-ﬁlm X-ray diffractometer
(XRD), with a Cu Kαwavelength (λ = 1.5405 Å). A ﬁeld emission trans-
mission electron microscope (FETEM) was employed to characterize theFig. 1. Schematic illustration of the coatinmicrostructure of the coatings using a bright ﬁeld image mode (BFI)
and selected area diffraction (SAD) technique.
The color of the coated specimens was measured using colorime-
try (X-Rite SP60, USA) to quantify chromaticity (CIE L*a*b*). Surface
hardness of coated specimens was measured using a microhardness
tester in accordance with the ASTM E92-82 standard [21]. Ten points
on each specimen were measured to obtain the mean hardness value
and standard deviation. A steel wool rotary test was conducted [22] to
evaluate wear resistance. The coating specimen was subjected to a
constant pressure of 82.7 kPa against #0000 steel wool (a standard
abrasive for evaluating the wear resistance of coated samples) at a
constant repeating speed of 1 rps for 300 times (Fu Chien Abrasion
Tester Model 339, Taiwan). The wear degree of the coated specimens
was qualitatively indicated by the scratch pattern that developed on
the coated specimens. All the mechanical tests mentioned in this par-
agraph were repeated three times for each sample.
A potentiostat (EG&G Potentiostat/Galvanostat Model 263A, USA)
was used to perform potentiodynamic polarization tests in a 3.5 wt.%
NaCl electrolyte, according to ASTM G44-99 [23]. The electrolyte was
de-aerated by sparging with pure nitrogen gas for 30 min. A saturated
Ag/AgCl electrode was used as a reference (REF), with a platinum
counter electrode (AUX) and copper-containing titanium nitride
coated specimens inserted as the working electrode (WE). The poten-
tial scan range was set between−0.6 V and 0.6 V with respect to the
reference, and a scan rate of 10 mV/s was applied. The acquired datag system combined with AIP and MS.
Table 2
Composition analysis of Cu-containing titanium nitride coatings.
MS cathode power (W) Ti (at.%) N (at.%) Cu (at.%) Bal.
0 26.62 40.50 0 32.88
500 22.78 43.27 1.49 32.46
1000 22.65 37.95 7.04 32.36
1500 21.97 35.74 14.35 27.94
2000 21.49 31.81 21.65 25.05
Bal. represents other elements, mainly Ni and Cr.
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sion potential (Ecorr) and corrosion current (Icorr) of each specimen.
According to the JIS Z2801:2000 standard [24], the antimicrobial
test was conducted by inoculating 4 × 105 colony/mL of E. coli
(ATCC 8739) suspension onto specimens separated into three groups;
Groups A, B, and C (Groups A and B each had three pre-electroplated
Cu–35Zn substrates, respectively; whereas Group C had three
Cu-containing TiN coated specimens). Group A immediately
underwent serial dilution and plate culture after inoculation. Serial
dilution of each corresponding specimen using the dilute buffer was
performed at concentrations of 100, 101, 102, 103, and 104 fold, re-
spectively. One mL of each diluted inoculum was obtained for further
plate culture for 40 h. The specimens of Groups B and C were placed
in an incubator at 37 °C, with 5% CO2 and 95% relative humidity for
24 h of cell culture. Serial dilution of the inoculum was performed
using the same procedure, repeated with different plate cultures to
obtain the number of viable bacteria for both Groups B and C. The col-
ony forming units (CFU) and value of antimicrobial activity (R) were
counted and calculated, respectively, to determine the antimicrobialFig. 2. Cross-sectional SEM images of Cu-containing TiN coatings with Cu content of: (a) 0
images of 14.35 at.% Cu-containing TiN coating.efﬁcacy. The at.% listed in the graphs and tables below represent the
Cu content in the coatings. The antimicrobial test in this study was
repeated three times for meeting a consistent performance.
For comparative studies demonstrated in this study, a t test was used
for statistical analysis. Differences were considered statistically signiﬁ-
cance at the 95% conﬁdence intervals. +: p b 0.05 and *: p b 0.001.
3. Results and discussion
3.1. Microstructure of the Cu-containing titanium nitride coatings
With regard to the increasing MS cathode power (0 W to 2000 W),
the Cu content inside the coatings accordingly increased from 0 at.% to
21.65 at.% and detailed composition variation is listed in Table 2. Due to
the large sampling depth of the EDS, other elements contributed by the
pre-electroplated layers (mainly Ni and Cr) were also detected. By con-
trast, the increased Cu content, as well as the decreased Ti and N con-
tents, suggests that Cu dosage in TiN coatings could be feasible using
AIP/MS co-deposition. Notably, this result also conﬁrms that copper
sputtering from the Cu cathode under the pure N2 gas is attainable.
Fig. 2 illustrates the cross-sectional SEM images and TEM charac-
terization results of the Cu-containing TiN coatings. Thin decorative
ceramic coatings under 5 min co-deposition process, shown in
Fig. 2 (a)–(d), were explored. All selected Cu-containing TiN coatings
presented a comparable ﬁlm thickness of approximately 250 nm, re-
gardless of the Cu content. However, the morphological change associ-
ated with the Cu content of the coating is signiﬁcant. The coatings
obtained at a low Cu content are columnar-grained, similar to typical
plasma-assisted PVD-TiN coatings. Cu-containing TiN coating grew as
tiny granular grainswhen the Cu content reached 14.35 at.%. Moreover,at.%; (b) 7.04 at.%; (c) 14.35 at.%; and (d) 21.65 at.%; (e) TEM–BFI; and (f) TEM–SAD
Fig. 3. XRD patterns of pre-electroplated Cu–35Zn substrate and TiN coated specimens containing different levels of Cu.
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ing Cu content. These ﬁndings were consistent with the results discov-
ered in TEM characterization in Fig. 2 (e) and (f). The BFI (Fig. 2 (e)) and
SAD images (Fig. 2 (f)) of the 14.35 at.% Cu-containing TiN coating are
respectively presented that numerous nanograins embedded in
Cu-containing TiN coating and consequently formed hybrid nanocrys-
talline patterns observed in SAD images (Fig. 2 (f)). As shown in Fig. 2
(e), the thickness of the Cu-containing TiN coating was approximately
250 nm (agrees well with the SEM result), with an approximately
80 nm Ti layer in the bottom, resulting from Ti ion bombardment
prior to co-deposition. In Fig. 2 (f), the crystalline structure of the
Cu-containing TiN is characterized and labeled with red and blue
rings, representing hybrid crystallinic Cu and TiN, respectively. Based
on the cross-sectional observation of the Cu-containing TiN coatings
in this study, low Cu dosages into TiN coating do not signiﬁcantly
change TiN growth (still typical columnar-grained structure). Above
the critical level of 14.35 at.% in the deposited ﬁlm (corresponding to
a cathode power of 1500 W) in this study, the growing environment
was obviously affected by the Cu third element, facilitating higher
entropy for crystal formation; hence, a ﬁne grain growth was accom-
plished. Consequently, the 14.35 at.% Cu-containing TiN coating pos-
sesses both crystalline structures of TiN and Cu.
By examining Fig. 3, the XRD patterns of selected TiN coated spec-
imens containing different levels of Cu reveal that the TiN crystalline
structure (indicated by TiN (111)) is undetectable by XRD till CuFig. 4. Effect of Cu cathode power on Cu content, surface appearance, and CIE color
coordinate of the coatings.content is higher than the critical level (14.35 at.%) and thereafter
the ﬁne granular Cu-containing TiN is formed. Another possibility
could be that the amount of TiN phase in the coating was reduced
as a result of the increasing Cu content. Peaks ascribed to crystallinic
Cu, Cr, and Ni were all clearly presented (even without coating),
meaning that the Cu, Cr, and Ni are from the brass substrate and
pre-electroplated layer. In this regard, the copper signal in the XRD
pattern could not be used to determine the secondary phase Cu in
the coating. Nevertheless, TEM analysis clearly conﬁrmed that the
coatings contained crystallinic Cu. Additionally, it is interesting to note
that when the Cu content was increased from 0 at.% to 7.04 at.%, the
TiN (111) peak gradually shifted to a higher angle. This is because of
the ionic radius effect initiated by a Cu ionic radius (0.73 Å) smaller
than that of the Ti ionic radius (0.86 Å). As Cu diffused into the TiN
lattice, a portion of a solid-soluted Ti(Cu)N lattice with a shorter lattice
constant was obtained.
The previously discussed microstructural evolution as a function
of Cu content (controlled by the MS cathode power) in the deposited
ﬁlm also plays a signiﬁcant role in coloring the coatings. Fig. 4
describes the effect of the MS cathode power on the Cu content, sur-
face appearance, and CIE color coordination of the obtained coating.
The coated specimens were revealed to exhibit a light golden (K
gold) appearance (TiN only) and gradually changed to deeper gold
(pure gold) and ultimately turned to dark brass as a function of the
MS cathode power. The corresponding CIE color coordination value
for each specimen shown in Fig. 4 indicates that the values of L* and
b* both decrease as the Cu content increases. This corresponds to a
dark red appearance discovered in specimens subjected to increased
Cu content. By paying such a color change as the cost, the TiN coating
can be employed for antimicrobial purposes, as described below.Fig. 5. Apparent hardness of the pre-electroplated Cu–35Zn substrate and selected TiN
coated specimen containing different levels of Cu. +: p b 0.05 and *: p b 0.001.
Fig. 6. Appearance of the pre-electroplated Cu–35Zn substrates and selected TiN coated specimens containing different levels of Cu after steel wool rotary test. The scale bar
represents 1 cm.
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The apparent hardness of the selected Cu-containing TiN coated
specimens is shown in Fig. 5. The apparent surface hardness value of
the pre-electroplated Cu–35Zn substrate surface was 56.7 HV300 g.
Depositing TiN with 0 at.% Cu content enhanced the apparent hardness
value to a maximum of 99.3 HV300 g. The maximal intrinsic hardness of
the TiN coating is 2000 HV [25]; and the hardness value measured in
this study, subsequentially much lower than the intrinsic value, is
ascribed to the substrate effect and the obtained thin TiN coating
(250 nm). As the Cu content in the coating increased from 0 at.% to
21.65 at.%, the apparent hardness of the coating accordingly decreased
from 99.3 HV to 59.4 HV. Once Cu was incorporated in the TiN lattice
in the form of substitutional atoms (when at a low dosage level), Cu
atoms are considered as a detrimental element to the mechanical prop-
erties of the TiN coating. As the Cu content increases to a level high
enough to form an individual secondary metal phase in the coating, the
low intrinsic hardness of Cu metal (relative to TiN phase) produces an
overall decreased hardness of the coating. Nevertheless, Cu-containing
TiN coatings enhance the apparent hardness, as compared to the pre-
electroplated Cu–35Zn substrate that is commonly applied in surface
protection.
Fig. 6 presents the appearance of the pre-electroplated Cu–35Zn
substrate and selected TiN coated specimens containing differentFig. 7. Potentiodynamic polarization curves of the pre-electroplated Cu–35Zn substrate
and selected TiN coated specimens containing different levels of Cu.levels of Cu after performing the steel wool rotary test 300 times.
For the wear track developed on the pre-electroplated Cu–35Zn sub-
strate, a brass color appears to substitute the original shine Cr plating.
The brass color after the wear test is ascribed to the exposed brass
substrate underlying the Ni/Cr layer. It is worthy to note that the
TiN coated specimens, regardless of the Cu content, maintain the
same chromaticity over the wear track, meaning that the top TiN
layer remains un-penetrated. By comparison with the test results
for the TiN coatings containing different levels of Cu, it is obvious
that the wear track becomes wider; in other words, less wear resis-
tant, as the Cu content in the TiN coating is increased. It is believed
that the detrimental effect of the copper dosage on the mechanical
properties of the TiN coating (as discussed for apparent hardness of
the coated specimen) accounts for this. Nevertheless, the top TiN
coating, regardless of the Cu content, produces an additional protec-
tion during wear, resulting in wear resistance that is superior to the
pre-electroplated Cu–35Zn substrate.3.3. Corrosion resistance of Cu-containing titanium nitride coating
Fig. 7 shows the potentiodynamic polarization curves of the
pre-electroplated Cu–35Zn substrate and selected TiN coated speci-
mens containing different levels of Cu. The corresponding values of
corrosion potential and corrosion current are tabulated in Table 3.
As shown in Fig. 7, the pre-electroplated Cu–35Zn substrate un-
dergoes passivation in the over potential range of −371.76 mV to
−201.62 mV due to the nature of nickel and chromium used as the
pre-electroplated layer. By employing TiN coatings containing differ-
ent levels of Cu, the corrosion potential for all of the coated specimens
is promoted to a nobler level and is ascribed to the ceramic character-
istic of the TiN matrix. By contrast, the copper in the TiN coating par-
ticipates in the electrochemical reaction and raises the complexity of
the system and results in a zigzag curve appearing in the passive
region, as shown in Fig. 7. The TiN coated specimen without Cu con-
tent instead presents a rather smooth curve over the passive region,
supporting that Cu content raises the complexity of the system.
Consequently, regarding increased corrosion potential, Cu-containing
TiN coatings improved the corrosion resistance of the pre-electroplated
Cu–35Zn substrate.Table 3
Corrosion potential (vs. saturated Ag/AgCl electrode) and corrosion current of
pre-electroplated Cu–35Zn substrate; and selected TiN coated specimens containing
different levels of Cu.
Specimens Ecorr (mV) Icorr (μA)
Pre-electroplated Cu–35Zn −371.76 0.61
0 at.% −201.62 0.52
1.49 at.% −214.64 0.54
7.04 at.% −213.14 0.53
21.65 at.% −196.13 0.49
Fig. 8. E. coli colonies formed on Petri dishes corresponding to inoculum that was previously inoculated on: (a) pre-electroplated Cu–35Zn substrate, having immediately undergone
40 h of culture (Group A); (b) pre-electroplated Cu–35Zn substrate inoculated for 24 h, having undergone 40 h of culture (Group B); (c)–(f) Cu-containing TiN coated specimens
obtained at different coating conditions, inoculated for 24 h, and having undergone 40 h of culture (Group C).
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Fig. 8 depicts the E. coli colonies formed on the Petri dishes, corre-
sponding to the inocula that were previously inoculated on different
specimens. The darker spots are the bacteria colonies, and the num-
ber and total area can be quantitative indicators for antimicrobial
efﬁcacy. The corresponding colonies on each samplewere also recorded
in Table 4. Obviously, the highest number of colonies formed on the
Petri dishes, corresponding to the pre-electroplated Cu–35Zn substrate
(Fig. 8 (a) and (b)) and indicating no antimicrobial effect. This is consis-
tent with the results reported in the literature [5]. By examining Fig. 8
(c), the TiN coating containing 0 at.% Cu also presents no sign of antimi-
crobial efﬁcacy as reported [8]. For Cu containing TiN coated specimens,
it is clear that when increasing Cu content, the number of colonies de-
creases, as shown in Fig. 8 (c) to (f). This indicates that the incorporated
Cu in the coating activated the antimicrobial function of the coating.
Based on a previous study [8], the solid solubility of Ag in TiN is ex-
tremely low. Mixing small amounts of Ag (greater than 10.8 at.%) into
TiN coating tends to form a secondary nano-sized Ag phase in the
coating, presenting extremely high ionizing activity and, therefore,
antimicrobial activity. On the other hand, the work obtained by Zhao
et al. [9] also suggest that the bactericidal ratio of Ag+ implantations
(in AISI317 stainless steel and TiN thin ﬁlm) is proportional to Ag ion
doses, revealing the dose dependence of antibacterial properties. In
fact, a Ti–Cu bimetal thin ﬁlm system explores their antibacterial effect
due to the amount of Cu and releasing conditions of Cu [18]. This indi-
cates that the sufﬁcient critical dose and releasing conditions of these
noble metals (Ag and Cu) dominate the antibacterial performance. In
this work, the addition not only of Cu but also of TiN coating was
employed to achieve the low cost, decorative surface and antibacterial
ability. Even adding only a small amount of Cu, 1.49 at.%, the coating
demonstrated a signiﬁcant antimicrobial effect when compared to
bare TiN coating alone.
Based on the JIS Z2801:2000 standard, the previously discussed
qualitative colony observation was further converted into an antimi-
crobial activity value (R). The corresponding R values for different
specimens are compared in Fig. 9. When the Cu content in the coating
was 1.49 at.% and 7.04 at.%, and although both specimens possessed aTable 4
Counts of E. coli colonies formed on Petri dishes previously inoculated on: (a) pre-
electroplated Cu–35Zn substrate, having immediately undergone 40 h of culture (Group
A); (b) pre-electroplated Cu–35Zn substrate inoculated for 24 h, having undergone 40 h
of culture (Group B); (c)–(f) Cu-containing TiN coated specimens obtained at different
coating conditions, inoculated for 24 h, and having undergone 40 h of culture (Group C).
Group/notation Sample Counts of E. coli colonies
A/(a) Pre-electroplated Cu–35Zn substrate 4.0 × 105
B/(b) Pre-electroplated Cu–35Zn substrate 3.6 × 105
C-1/(c) 0 at.% Cu-containing TiN 8.6 × 104
C-2/(d) 1.49 at.% Cu-containing TiN 3.0 × 104
C-3/(e) 7.04 at.% Cu-containing TiN 2.0 × 104
C-4/(f) 21.65 at.% Cu-containing TiN 1.7 × 102signiﬁcant antimicrobial effect during the colony observation, the R
values were calculated to be less than 2.0. According to the JIS stan-
dard, a specimen with R b 2.0 is classiﬁed as having no antimicrobial
ability. Nevertheless, the specimen with a Cu content of 21.65 at.%
presents a maximal R value of 3.3 (limited by inoculating bacteria
amount). This strongly suggests that the Cu content must be greater
than a critical percentage to meet the requirements of an antimicrobi-
al material. From a microscopic viewpoint, the increasing Cu content
greater than 21.65 at.% contributes a higher Cu concentration greater
than the specimen surface. Simultaneously, a ﬁner precipitated copper
phase results in a larger ionizing ability of the copper ions. Ultimately,
this study determined that, with a sputtering discharge power of
2000 W for a CuMS cathode, 21.65 at.% Cu-containing TiN coating pos-
sesses the highest antimicrobial ability.4. Conclusions
This study successfully prepared Cu-containing TiN coatings by
combining arc ion plating and magnetron sputtering for antimicrobial
and decorative purposes. Conclusions are as follows:
(1) Cu content of coatings can be adjusted by changing the MS
cathode power. The Cu content increases from 0 at.% to
21.65 at.% when the MS cathode power is increased from
0 W to 2000 W.
(2) The ﬁlm morphology exhibits typical columnar crystallites
with the copper solid-soluted in the TiN matrix at low copper
dosage levels; whereas the ﬁlm morphology exhibits ﬁne gran-
ular crystallites with the copper forming secondary metallic
copper phase at high copper dosage levels.
(3) In comparison to the pre-electroplated Cu–35Zn substrate, the
apparent hardness, wear and corrosion resistance of the speci-
mens are improved by the Cu-containing TiN coatings.
(4) Copper dosage into the TiN coating can activate antimicrobial
activity against E. coli, and themaximal value (3.3) of the antimi-
crobial activity (R) is achievedwhen the Cu content is 21.65 at.%.Fig. 9. Antimicrobial activity of the pre-electroplated Cu–35Zn substrate and selected
TiN coated specimens containing different levels of Cu.
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